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Objective: To evaluate the microstructural changes of a resin infiltrant (ICON®, DMG America 
LLC, Englewood, NJ) after six months of simulated toothbrushing. 
Materials and Methods: Ten extracted third molars (n=10) were collected. Artificial white spot 
lesions were created and resin applied. Environmental SEM images at 250X and 500X were 
taken after application of Icon® (T1), and after six months of simulated toothbrushing (T2). 
Micrographs were evaluated for changes in surface characteristics.  
Results: SEM showed some changes in the surface characteristics of the resin after simulated 
toothbrushing. However, changes in presence of enamel rods, microcracks, or fractures were not 
 
vi
i    
statistically significant (p>0.05). The effects of polymerization shrinkage were noted on most 
samples in the form of clefts and fissures. 
Conclusions: Icon® resin seems to withstand challenge by toothbrush abrasion over a six-month 
period, with some evidence of microstructural wear.  
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Introduction 
 
White spot lesions (WSLs) are one of the most common unesthetic sequelae from fixed 
appliances, and leave clinicians with a challenge regarding their management. WSLs develop 
from dissolution of calcium, phosphate and fluoride ions from the enamel due to prolonged 
plaque retention, which results in microporosities in the remaining tooth structure.
1
 
Demineralized enamel takes on a white chalky appearance that represents the initial phase of 
caries formation prior to more extensive enamel breakdown. Previous studies reported a wide 
variance in prevalence of WSLs, ranging from 0 to 97%, which was thought to result from the 
differences in the study designs.
2-4 
However, a well-designed study from 2013 found that 
approximately 25% of patients undergoing orthodontic therapy develop a WSL during 
treatment.
2
  In a recent systematic literature review, the incidence and prevalence of WSLs were 
reported as 45% and 68%, respectively, in orthodontic patients.
5
 Therefore, despite the 
development of new preventive materials and products, demineralization appears to negatively 
affect a significant portion of orthodontic patients. 
Although it is generally accepted that patients are responsible for the prevention of WSLs, 
orthodontists and general dentists should educate patients at risk, and implement the appropriate 
preventive measures.
6
 Minimally invasive dentistry and fluoride delivery systems in the form of 
mouthwashes and toothpastes should be considered as the first line of defense to prevent 
incipient caries. In non-compliant patients, fluoride varnishes or other fluoride delivery systems 
can be used to arrest the caries process by decreasing the susceptibility of enamel to acid attack 
or even to promote remineralization.
7
 For active or arrested WSLs that are more advanced or 
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have been present for a longer duration, fluoride treatment is not recommended as only the 
external layer of demineralized enamel will harden. This will create an enamel surface that is 
hard and more lustrous than the initial WSL, however the loss of fluorescence at the deeper layer 
will largely remain, causing the appearance of a white opacity to remain on the tooth.
8-10
 Thus, 
for deeper or longstanding WSLs, different interventions need to be utilized to arrest the caries 
process and improve the aesthetic outcome.  
Recently, an unfilled low-viscosity infiltrative resin (Icon, DMG America LLC, 
Englewood, NJ) has been introduced as a non-invasive agent to diminish the appearance of 
WSLs and hence to improve esthetics.
11
 One major benefit of this resin is the ability to improve 
the appearance of WSLs without removal of gross tooth structure, which was reflected by 
findings in a recent systematic literature review.
12
  However, it was concluded that due to 
insufficient high quality studies, more research was needed to determine long-term efficacy of 
the infiltrative resin.  
Icon, abbreviated from “Infiltration concept,” is composed primarily of monomer 
triethylene glycol dimethacrylate (TEGDMA), with solvent composed of ethanol and 
photoinitators camphorquinone (CQ), and ethyl-4-dimethylaminobenzoate (DABE). The unfilled 
property of this infiltrative resin allows for low viscosity and a high penetration coefficient, 
which is necessary for the resin to penetrate completely into enamel with a small pore volume.
13
 
After removal of the superficial hardened enamel layer with 15% hydrochloric acid (HCL), the 
application of resin over the lesion infiltrates the porosities present in the exposed demineralized 
enamel by capillary action. This process takes place over the course of several minutes.
14
 The 
enamel consequently is sealed off and filled from within, without requiring a protective surface 
layer of resin thickness, which is the primary mechanism by which other sealant products on the 
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market function.
15
 Additionally, since the porosities in the enamel are filled, which would 
normally serve as pathways for bacterial migration into deeper tooth structures, the resin also 
serves as a barrier to stop the future progression of incipient lesions by physically blocking 
further mechanical, bacterial, and acid attack.
15
  
The TEGDMA in infiltrative resin is comprised of a shorter C-O backbone than other similar 
monomers such a Bis-GMA, which has a higher viscosity. While the shorter backbone imparts 
the low viscosity necessary for infiltration, it also causes a higher degree of polymerization 
shrinkage after light curing, especially with only a single application.
16
 The polymerization 
results in cleft-like structures embedded within the resin, which can lead to decreased acid 
resistance.
16 
Evidence shows that a repeated application of the resin can fill in these clefted areas, 
and also that a double application after a period of continued demineralization increases the 
enamel micro-hardness of the demineralized area significantly more than a single application.
17,18 
 
Studies have also shown that hardness for infiltrated lesions is lower than for typical glass-
ionomer cements and composite resins, which could indicate an increased susceptibility for 
wear.
18-20
 Since unfilled resins are typically not resistant to mechanical abrasion over time, it is 
possible that breakdown or wear of the infiltrant could take place. Therefore, there may be a need 
for repeated applications of the resin. 
In the literature, numerous studies focused on the long-term color stability of infiltrative 
resin. These investigations reported that the demineralized enamel treated with the resin infiltrant 
becomes discolored over time when exposed to substances such as coffee and wine.
21-24
 
However, the discoloration is reversible, and upon rubber cup polishing the discolored resin 
treated enamel readily gains back its original color characteristics. Despite several studies on the 
color stability, there is only limited information available on the long-term mechanical stability 
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of the resin infiltrant when subjected to mechanical wear and daily abrasive challenges such as 
toothbrushing.  
Yetkiner et al.
25
 compared the stability of Icon® paired with different enamel adhesives on 
bovine teeth, challenging the material with cycles of acidic solution and toothbrush abrasion. To 
measure stability, the amount of calcium dissolution from the teeth over time into aqueous 
solution was measured. Despite showing initial stability, the amount of calcium leached from the 
resin treated teeth was found to increase over time. In contrast, untreated control teeth exhibited 
calcium dissolution at a more constant rate over time. This finding may be indicative of some 
mechanical breakdown of the resin infiltrant over time when challenged by an acidic 
environment and mechanical abrasion.  
In contrast, a 2011 study
 
investigating the toothbrush abrasion resistance of infiltrative resin 
applied onto demineralized bovine teeth, reported wear as a vertical loss in height compared to 
adjacent healthy enamel.
26
 Despite a trend in the vertical loss in height, there was not a 
statistically significant change in the vertical height between the resin treated enamel and 
untreated adjacent tooth surface. These were promising results, which may be indicative of the 
stability of the resin infiltrant and its resistance to structural breakdown over time when 
subjected to repetitive mechanical abrasion.  
Resin infiltration treatment for human teeth, if shown to exhibit resistance to toothbrush wear 
over time, may offer clinicians a promising tool in the management of post-orthodontic WSLs. 
Since the success of the resin infiltrant depends on its structural integrity, it is of interest to 
investigate Icon’s® resistance to mechanical wear using a model similar to toothbrushing. 
Therefore, the purpose of the current study was to evaluate, using scanning electron microscopy 
(SEM), the microstructural changes of resin infiltrant after six months of simulated 
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toothbrushing in extracted human teeth. The null hypothesis was that there would be no visually 
detectable changes in microstructural surface characteristics on the infiltrative resin surface after 
six months of simulated toothbrushing. 
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Materials and Methods 
 
In this in vitro study, previously extracted non-carious human third molars (n=10) were 
retrieved from the oral and maxillofacial surgery department. Teeth with no visible defects or 
demineralization were cleaned to remove any debris, and stored in 5% chloramine T hydrate 
solution (Fischer Chemical, Hampton, NH) for disinfection. The teeth were then transferred into 
vials filled with distilled water, and stored until the demineralization procedures were started. 
The most flat surface of each tooth was painted with a thin layer of an acid-resistant varnish 
(Revlon, Cherries in the Snow, New York City, New York) leaving a 3mm diameter circle in the 
middle of the crown surface exposed to the acidic solution.  
The acidic solution was prepared according to the protocol outlined by Kumar et al.
27
 by 
mixing 2.2 mM calcium chloride (Fisher Bioreagents, Hampton, NH), 0.05 mM acetic acid 
(Fisher Bioreagents, Hampton, NH), 2.2 mM monopotassium phosphate (EMD Millipore, 
Billerica, MA) and titrating the contents to a pH of 4.4 with 1.0 M potassium hydroxide (Fisher 
Chemical, Hampton, NH). A small hole was drilled near the apex of each tooth so that a non-
fluoridated dental floss could be used to suspend teeth in the acidic solution. Samples were kept 
in the demineralizing medium for 10 days. Each day, the acidity of the solution was checked 
with a pH meter to ensure the solution was stable at or near 4.4 pH, and the tooth surfaces were 
examined for the development of white spot lesions (Figure 1). 
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Figure 1: Confirmation of WSLs on Pilot Teeth. 
 
Following visual confirmation of the artificial WSLs, resin infiltrant was applied by the same 
operator to the demineralized area created within the 3mm diameter circle according to the 
manufacturer’s instructions using the following steps:  
1. 15% HCl acid gel application for 2 minutes while gently rubbing the gel to ensure the 
fresh etch contacted with the tooth surface.  
2. Rinsing for 30 seconds with water followed by drying with oil free air.  
3. Application of Icon Dry ethanol solution for 30 seconds, followed by oil free air 
drying.  
4. Application of Icon Infiltrant, allowed to sit for 3 minutes. Removal of the excess 
resin with a cotton roll followed by light curing for 40 seconds 
5. Application of Icon Infiltrant a second time, allowed to sit for 1 minute. Removal of 
the excess resin with a cotton roll followed by light curing for 40 seconds. 
6. Polishing with fine and extra fine aluminum oxide polishing strips (Soflex, 3M ESPE, 
St Paul, MN) 
Following the application of the resin infiltrant, four indentations were made at the north, 
east, west and south aspects of the circle using a number 8-round bur for easy identification of 
the resin treated surfaces under the microscope. 
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For the SEM analyses, tooth surfaces were examined using SEM under variable pressure, 
with values ranging between 40-70 Pa (Zeiss EVO-50XVP). The initial SEM analyses included 
the examination of tooth surfaces to establish the characteristics of the sound and demineralized 
enamel (n = 2, each). Microscopic images of the representative areas were taken at 250X 
magnification on each tooth surface. These micrographs provided the microscopic characteristics 
of sound and demineralized enamel surfaces, and later were used for comparisons between the 
baseline and follow-up images. 
 The resin treated tooth surfaces were first examined under the SEM at T1 which represented 
the original resin treated enamel. Images for each tooth were taken at 250X magnification, taken 
at three randomly selected points within the circular window. Following the initial analyses of 
the tooth surfaces for roughness, cracks and scratches, all samples were then subjected to the 
equivalent of 6 months of toothbrushing using a simulator (Figure 2). 
 
 
Figure 2: Mounting of tooth under toothbrush simulator. 
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In this study, a total of 2,500 horizontal strokes were applied to tooth surfaces to simulate six 
months of toothbrushing, assuming teeth were brushed two times per day for two minutes. The 
number of strokes were calculated based on the knowledge that, over the course of a two-year 
period and brushing three times per day, 15,000 toothbrush strokes on average are applied to 
each tooth in the human mouth.
28
 Standard soft bristle toothbrushes (GUM 407 model, Sunstar 
Global, Schaumberg, IL) were mounted within the toothbrush simulator over one of the six 
wells.  The teeth were mounted in separate wells within the simulator with the Icon-coated 
surface facing perpendicular to the toothbrush head and bristle tufts. The force of the toothbrush 
simulator was adjusted to apply 225 g of force during toothbrushing. Between measurements and 
experimental steps, teeth were stored in randomly numbered containers, submerged in room-
temperature distilled water to prevent desiccation. All teeth were brushed using a fresh 
toothbrush to protect against wear of the bristles. A new toothbrush was also used after the 
equivalent of three months of toothbrushing.  After toothbrushing, all teeth were again examined 
with variable pressure SEM using the same magnification parameters, defined as T2.  
Two examiners were blinded to the images and time points and evaluated changes in images 
before and after toothbrushing for the presence of 1) enamel rods, 2) microcracks, and 3) 
fractures. For the purpose of grading the images, the presence of these characteristics was 
defined as present (Y) if more than 75% of the tooth surface imaged showed the presence of 
these features, partial (P) if between 25 and 75%, and absent (N) if viewed on less than 25% of 
the imaged tooth surface. A total of 60 SEM images, 30 at each timepoint, were evaluated by two 
examiners (Appendix I).  Inter-rater reliability was tested for using Cohen’s Kappa, and changes 
between T1 and T2 were compared across time using Bowker’s test for symmetry for a single 
rater’s evaluations. Additionally, association between presence of enamel rods with both 
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microcracks and fissures were tested using a chi-squared test. A significance level of p = 0.05, 
and program SAS EG v6.1 were used for all statistical analyses. 
Inter-rater correlation was classified as strong for scored images at 250X magnification 
for presence (Y), partial (P), or absence (N) of enamel rods (=0.80), microcracks (=0.80), and 
fractures (=0.81).  
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Results 
 
All of the resin-treated tooth surfaces had, to some degree, microstructural features 
consisting of enamel rods, microporosity, fissures, and cracks. 
Enamel rods were generally present both in the sound enamel and enamel treated with 
infiltrative resin, and in both samples were approximately 4 microns in diameter. This was 
consistent with measurements found in previous studies which showed the diameter of enamel 
prisms averaging 4 to 5 microns, with a cylindrical appearance.
29
 However, in the demineralized 
samples, increased porosity was noted at the surface with dissolution of the prism core and thus a 
larger diameter in width of the rod at the periphery, with many as wide as 6 or 7 microns 
(Figures 3 and 4).  
 
 
Figure 3: Baseline Image of Sound Enamel. Tooth B. 250X Magnification. 
 
  12 
 
Figure 4: Baseline Image of Demineralized Enamel. Tooth C. 250X Magnification. 
 
This increased porous enamel was successfully infiltrated in the experimental teeth, 
which was determined by the absence of hollow prism cores and a restoration of an intact 
surface. A common presentation of the samples included areas of concentrated enamel rods 
visible at the level of the tooth surface, with resin either displaying a slight thickness which was 
visible on the tooth surface in irregular patterns, or interspersed within the typical honey-comb 
pattern of the enamel rods, filling in areas of porosity between adjacent prisms. While significant 
heterogeneity existed between teeth, visualization of enamel rods within the resin, as well as 
microcracks, and fissures, in varying degrees, were common findings. While the porosities in the 
demineralized tooth structure appeared successfully infiltrated, returning its surface appearance 
closer to that of sound enamel, the resin coated surfaces did maintain a high degree of visible 
roughness and surface irregularity. SEM images from T2 appeared generally similar to those in 
T1, and qualitative differences before and after toothbrushing were mainly noted by direct 
comparison of paired images. Characteristic images are shown from teeth prior to toothbrushing 
below (Figures 5-7).  
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Figure 5: Tooth 2. Location B. T1. 250X Magnification. 
  
Figure 6: Tooth 4. Location B. T1. 250X Magnification. 
 
Figure 7: Tooth 10. Location B. T1. 250X Magnification. 
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Changes in the presence of enamel rods, microcracks, or fractures between time points 
are illustrated in Figures 8-10. While some qualitative changes were noted on paired images over 
time, none of the overall changes in presence of these microstructural characteristics were found 
to be statistically significant (p = 0.4753, p = 0.3618, and 0.3916, respectively). Table 1 displays 
the total number of teeth present within each category before and after toothbrushing, as well as 
the total percentage of paired images which showed a change in characterization between time 
points.  
Table 1: Distribution of SEM Characterizations between T1 and T2. 
  Enamel Rods Fractures Microcracks 
  T1 T2 T1 T2 T1 T2 
Y 15, 50% 17, 57% 6, 20% 9, 30% 7, 23% 10, 33% 
P 9, 30% 5, 17% 8, 27% 4, 13% 12, 40% 13, 43% 
N 6, 20% 8, 27% 16, 53% 17, 57% 11, 37% 7, 23% 
Total Changed 10, 33% 14, 47% 11, 37% 
 
Figure 8 shows into which specific categories the movement was evident between paired 
images for presence of enamel rods. At T1, 15 SEM images were found to have enamel rods 
present (Y), 9 images had enamel rods partially present (P), and 6 showed an absence of enamel 
rods (N). After toothbrushing, 33% of the images were characterized into different groups than 
they were at T1 for presence of enamel rods, indicative of some surface changes occurring. Of 
the images initially showing a presence of enamel rods, a majority (80%) of these teeth were still 
found to show presence of rods after toothbrushing. None of the images which showed absence 
of enamel rods were found at T2 to have exposure of enamel rods which would result in 
movement into either the partial or the present categories. While it was evident that change 
occurred between time points in the images, the net changes over time of presence of enamel 
rods was not statistically significant, with most of the changes occurring in the teeth which were 
described as having partial enamel rod coverage prior toothbrushing (p = 0.4753).  
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Figure 8: Changes in Presence of Enamel Rods After Simulated Brushing. 
 
Microcracks and fissures present on the resin surface were common findings throughout 
the samples. For this study, fractures were defined as fissures within the resin-enamel interface 
where a cleft-like gap could be visually detected at 250X magnification. Microcracks displayed a 
similar appearance to fractures, however the surface of the resin appeared intact, without gap 
formation. Figure 9 displays the distribution of all samples regarding microcracks at the surface 
before and after toothbrushing. At T1, 63% of the images displayed microcracks present at some 
level (either present or partially present), and 37% of the images had a change in classification 
after toothbrushing. Of images which were found to have presence (Y) of microcracks at T1, 
71% of these images were still found to have microcracks after toothbrushing, and no pair of 
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images evaluated showed enough of a decrease in microcracks to be defined as absent of this 
characteristic. Twelve images were found to have partial occurrence of microcracks at baseline. 
Of these images, 25% of the images were judged to have more microcracks uncovered at T2, and 
8% had removal of microcracks from the surface. Similar to the changes in enamel rods, while 
changes in the distribution of microcracks did occur between groups, these differences were not 
found at a level of statistical significance to result in a predictable change in any particular 
direction (p =0.3618).  
 
Figure 9: Changes in Presence of Microcracks After Simulated Brushing. 
 
 Fractures were found to be present on 6 of the tooth images at T1, partially present on 8 
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images, and absent on 16 images at T1. In other words, 47% of the tooth images showed gap 
formation severe enough at the surface of the resin to be able to visualize a cleft-like fissure 
within the resin. Interestingly, just under half (47%) of these teeth had a change in 
characterization from before to after toothbrushing, with most of the change evident within the 
present and partially present groups.  For example, of the teeth with fractures present at T1, 50% 
were still present after toothbrushing, and 33% of images showed fractures only partially present. 
When fissures were not present at T1, 75% of the teeth continued to show absence of fissures 
after brushing (Figure 10). Again, despite changes in the characterization of 47% of images 
regarding fractures, there was not a statistically significant difference for fracture presence to 
change in either a positive direction (more fractures over time) or negative direction (less 
fractures over time) (p=.0.3916).     
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Figure 10: Changes in Presence of Fractures After Simulated Brushing. 
 
 Of additional interest was the association between presence of enamel rods and both 
microcracks and fractures. There was a significant positive correlation between absence of 
enamel rods and presentation of both microcracks (p = 0.0009) and fractures (p =0.0021). 
Specifically, of the images which did not display a presence of enamel rods, 71% of these images 
also displayed microcracks and 36% displayed fractures. Figures 11 and 12 depict these 
relationships below.  
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Figure 11: Association between Enamel Rods and Microcracks 
  20 
 
Figure 12: Association between Enamel Rods and Fractures  
  21 
 
 
Discussion 
 
While small changes in microstructural characteristics were noted qualitatively in 
infiltrative resin treated tooth surfaces, none of these differences were large enough in this 
study’s sample to result in statistical significance. Therefore, it may be concluded that there were 
not significant changes in the microstructural characteristics of resin infiltrant after six months of 
simulated toothbrushing. However, some qualitative changes were observed which should be 
taken into consideration for the clinical use of infiltrative resin treatment for WSLs. 
Infiltrative resin, compared to other resins, sealants, or composites, is uniquely difficult to 
detect with the naked eye due to its nature as a colorless resin, which takes on the color of the 
sound enamel which it infiltrates. Thus, changes in fluorescence or differences in color are not 
reliable methods to detect its presence as it can be with other resin materials. Even 
microscopically, the resin was found to restore the appearance of demineralized enamel back to 
that close to the appearance of sound enamel, and at times detection between infiltrated enamel 
and sound enamel alone was challenging. 
A high degree of roughness of the infiltrative resin surface was noted throughout 
samples. This is consistent with previous studies which have shown that after application of 
infiltrative resin, the roughness of the infiltrated teeth even approximates that of demineralized 
enamel.
30,31
 This finding of significant roughness was also found in the current study. As is 
visible in the comparison below, small scratches after polishing, despite polishing with “fine” 
and “very fine” aluminum-oxide coated polishing discs, are present at 250X magnification 
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(Figure 13). These areas of roughness were noted in many instances to be smoothed by six 
months of simulated toothbrushing. Comparing T2 at this same location on this tooth, it can be 
noted that, while resin is still apparent, the number of surface scratches decreased. However, 
microcracking is seen toward the right side of the image indicating the resin is present at the 
surface, as well as still interspersed between the enamel rods throughout the image.  
 
 
Figure 13: Tooth 2. Location B. T1 (left) and T2 (right). 250X Magnification. 
 
Another feature, which was found in some samples across time, was the opening of 
fractures at the resin-enamel surface after toothbrushing. A frequent presentation was that 
microcracks identified before toothbrushing changed appearance to that of a fracture after 
toothbrushing. While this phenomenon did not occur with high enough frequency to show 
statistical significance in this study’s sample, it should be noted that the manufacturer of Icon® 
recommends a second application of resin to fill in potential gaps that could form due to 
polymerization shrinkage.
16,17
 The change from a microcrack to a fracture is indicative that a 
small surface layer of infiltrative resin, which may have been occluding these fractures, was 
removed by toothbrushing, re-exposing the gap within the resin. The comparison between T1 
and T2 below on one sample (Figure 14) shows a dramatic representation of this phenomenon. 
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Since gap formation at the enamel-resin interface may be susceptible to bacterial, acid, or 
mechanical attack, repeated application of resin infiltrant six months after initial application 
could be useful to prevent leakage in these areas of wear.
15
  
 
  
Figure 14: Comparison between T1 (left) and T2 (right) of Tooth 4. Location C. 250X 
Magnification. 
 
It should also be noted that not all teeth with microcracks became fissured after 
toothbrushing. In some instances, brushing the tooth surface either removed or lessened the 
quantity of microcracks, and in other cases uncovered new sub-surface microcracks. It is 
important to note that any movement between categories in the current study was indicative of a 
surface change. Even if there wasn’t a statistically significant pattern to these changes, their 
overall presence indicates potentially significant clinically changes. Removal or uncovering of 
additional microcracks and fractures indicates that some qualitative changes in the surface 
characteristics of the resin took place. This was also true in the case of enamel rod presentation. 
 One of the most striking findings in the current study was the high degree of 
heterogeneity between the appearances of all the images. Several different explanations for these 
differences can be hypothesized, including: 1) Embedded debris or contaminants may have 
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altered the surface appearance. Specifically, removal of the excess surface layer by cotton rolls 
could have left small cotton fibers in the surface layer of resin. 2) Differences in natural tooth 
anatomy may explain why some teeth showed higher prevalence of features such as craze lines. 
3) Some teeth may have displayed more fracturing from traumatic extraction procedures. 4) 
Perhaps some teeth experienced more fracturing from desiccation during the sample preparation 
for SEM analysis than others. Many of these causes of heterogeneity between samples are also 
proposed reasons why many of the images show significant surface roughness.  
 An additional important finding of the current study was the significant correlation 
between absence of enamel rods visible at the tooth surface and an increase in the presence of 
microcracks and fissures (p = 0.0009, and p =0.0021, respectively). These were specimens in 
which a thicker layer of resin appeared to be present at the surface. Previous studies have shown 
that when resin is present in an increased thickness, the internal pressure from polymerization 
shrinkage is in turn significantly increased.
16,17,32
 As a result, higher gap formation and fracturing 
is often found within the enamel-resin layer. While removal of the surface layer of resin with a 
cotton roll prior to polymerization is recommended, it may be tempting for some practitioners to 
want to leave this excess in place as a potential layer of sealant. The results of this study indicate 
that this practice could be contraindicated, and lead to decreased structural integrity of the resin. 
However, this should be weighed against the extra protective benefit previous studies have 
shown, that leaving an excess of resin on the surface could protect the teeth against acid 
erosion.
33 
Figures 15-17 show instances of higher resin fracturing when enamel rods are not 
present, and the surface-resin layer appears thickened.  
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Figure 15: Tooth 1. Location B. T1. 250X Magnification. 
 
Figure 16: Tooth 3. Location B. T2. 250X Magnification. 
 
Figure 17: Tooth 6. Location B. T1. 250X Magnification. 
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Studies have also shown an increased tendency for infiltrative resin to stain over time.
21-24
 
The roughness, microcracks, and fractures found at the surface of the teeth offer possible 
explanations for why the staining occurs. Rougher surfaces provide more areas for highly 
staining pigments to leak into and/or become trapped within.
34
 Polishing would thus remove the 
discoloration, as was corroborated by the results of the study by Leland et al.,
24
 where esthetics 
was improved when staining from coffee and wine were eliminated by pumice polishing of the 
tooth surface. 
In this study, the use of variable pressure SEM as a microscopic technique allowed for 
evaluation of the infiltrative resin with minimal manipulation or alteration at the tooth surface. 
SEM with variable pressure enables imaging of non-conductive material such as teeth by 
lowering the pressure within the gas chamber until artefacts created from electron charging are 
no longer present, thus eliminating the need for a conductive coating. This technique is 
particularly useful for biological samples as they can be viewed in their natural state, without the 
addition of a conductive material coating added to the surface as is typical with conventional 
SEM.  
  One of the compromises of using a variable pressure SEM, however, is the possibility of 
artefact creation from contamination of images with material of higher or lower conductive 
potential than the material of interest. While contamination was generally not found to be present 
in the samples, there were a few isolated images where this was noted as areas of either 
excessively light or dark streaks of unknown material. Additionally, while low vacuum imaging 
is not quite as high in resolution as conventional SEM, it was found to be sufficient for the 
current study to achieve high quality imaging at 250X.  
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An additional unavoidable limitation of variable pressure SEM is the time required 
outside of liquid. All teeth in the study required mounting on pegs for placement within the 
imaging chamber, and since variable pressure SEM is a slower microscopy technique, this can 
result in high degrees of desiccation of samples. While teeth in the samples were stored in 
distilled water between all other experimental steps, it is possible that changes in the surface 
structure could have occurred during the time required for imaging. Specifically, enamel has a 
higher modulus of elasticity than dentin, and thus when dentin desiccation and shrinkage occurs, 
the fragile enamel prisms are sometimes found to crack at the enamel surface from tensile 
stresses.
32,35
 Because some microcracks were found to be present on the surfaces of baseline 
teeth A-D (although typically in smaller numbers), this was taken into consideration as a possible 
etiology of enamel microcracks in all images.  
A recent study by Arnold et al.
31
 investigated the effects of 15% HCl on enamel. Over a 
course of 2 minutes, this etchant was found to remove an average of 34 microns of enamel. Two 
rounds of two minutes of etching time, which is the recommended protocol for infiltrative resin, 
increased enamel removal further 13.28 microns. In vivo, the double etching is often necessary 
to remove the hardened outer layer of enamel which is created by salivary remineralization at the 
enamel surface.
36
 However, since in our pilot study the double application of etchant resulted in 
complete removal of the WSL, in the current study the samples were subjected to only a single 
two-minute application of 15% HCl. While it could be argued that the etching process 
recommended for resin infiltration removes a significant layer of enamel in the process, Meyer-
Lueckel et al.
36
 noted that the procedure still removes far less enamel than other treatments such 
as veneers or microabrasion, which can remove as much as 360 microns of enamel.
31 
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There were some limitations to note with the design of this study. The in-vitro creation of 
white spot lesions, storage conditions, and simulated “daily” challenges have inherent 
differences compared to teeth in vivo. For example, it is known that WSLs in vivo often tend to 
be deeper, more longstanding, and may have a hardened surface layer from remineralization in 
the oral environment, which can be difficult to remove with etching procedures.
8-10
 A recently 
published study by Zhao et al.
37
 which investigated both the effect of toothbrush abrasion (600 
strokes total) and acidic challenge with orange juice, found material loss via profilometry to 
average 24.6 microns. Furthermore, in that study the Icon® layer was shown to be completely 
removed with acid and mechanical abrasion. Thus, additional challenges such as acid and 
bacterial presence could cause differences in how infiltrative resin behaves over time.  
Prior studies investigating the extent of demineralization have shown a wide range in 
depth of infiltration by TEGDMA based infiltrative resins, from 15.7 microns to over 400 
microns in others in vitro.
37,38
 Belli et al.
26
 investigated vertical loss of infiltrated enamel in 
bovine teeth, and found an average loss of 42.6 microns of resin-enamel structure following 
20,000 toothbrush abrasion cycles. Evaluating the depth of penetration would not have been 
feasible in this SEM study, since sectioning of the samples would be required to evaluate depth 
penetration. In this case, it would not have been possible to evaluate the tooth surfaces at the 
second time point of the toothbrushing simulation procedures. 
Ideally, atomic force microscopy to measure microscopic surface roughness and/or a 
Vicker’s hardness test would have been useful additional quantitative information to characterize 
the behavior of Icon® over time. However, both of these methods would require a virtually flat 
surface to be accurate. It is possible that flat enamel discs could be created for infiltrative resin 
application; however, this preparation would require removal of the surface layer of enamel, 
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which is typically found to be more fluoride-rich than the underneath layers due to presence of 
fluoride available in the mouth. Therefore, it should be kept in mind that enamel prepared into a 
slab may behave differently than enamel on the natural tooth surfaces. 
To date, this is the first study to fully evaluate the microstructural changes of an 
infiltrative resin applied to WSLs in human teeth over time when challenged with toothbrush 
abrasion. Future studies with larger sample size, longer duration and conditions more closely 
approximating that of the natural oral environment are needed to investigate the cause of enamel-
resin gap formation after resin application and the wear of this material over time.   
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Conclusions 
 
 
 
1) After six months of simulated toothbrushing on enamel surfaces with WSLs coated with 
resin infiltrate, there were microstructural changes in enamel rods, microcracks, and 
fractures, but overall differences were not statistically significant.  
2) An increase in incidence of fractures and microcracks was positively correlated with a 
thicker surface layer of resin infiltrate.  
3) Failure to remove the residual surface layer of infiltrative resin prior to light-curing may 
result in higher fractures and gap formation within the resin due to polymerization 
shrinkage. 
4) Due to the qualitative surface changes after 6 months of simulated toothbrushing, 
additional application of resin may be indicated over time.  
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